In this study, fuzzy logic is used to identify faults that may occur in a radial power system. In addition to the design concept of fuzzy logic based on protective relay, its architecture and application of the developed prototype system are discussed. A digital relay is designed and tested in a laboratory environment using a developed prototype. In order to constitute a new approach to digital protection purpose, fuzzy logic is used instead of conventional protection approaches. The relay proposed here is developed using conventional relay characteristics by adding some abilities, i.e., to distinguish whether the fault is sub-transient, transient, or permanent, to determine whether the fault is one of the types known as phase-to-phase, phase-to-neutral, double phase-to-neutral, or balanced three phase. Performance analysis is performed and the results obtained are given using graphical illustration to show validity of the proposed relay.
INTRODUCTION
Maintenance and reliability for continued operation are very important problems in power systems. In order to retain continuity of operation, the power outages must be minimized or prevented completely. The power outages are caused mainly by faults that may occur unexpectedly, at any time, anywhere in the power system. Therefore, the faults must be detected very quickly in order to start necessary actions as soon as possible and isolate the faulted parts of the system so that the outages are prevented or minimized. The reliability of a power system is based upon its continuity while in operation. The continuity depends on protective relays which are used to detect faults; they are very important research areas in electrical power systems.
Research in the field of protection and relay techniques for power systems have increased in the past decade. The basis of these techniques is to measure voltage, current, phase angle, frequency, impedance, etc., between fault point and relay position. Substantial research towards better algorithms has been carried out for protective relaying. Fourier transform and adaptive Kalman filtering are some of the various techniques which have been proposed in the literature. [1, 2] As a result of increasing application of digital computers and micro-controllers, a new application area has emerged for protective relays. [3 -5] Digital relaying algorithms have also been developed, once simulated, and then the results are observed in a personal computer (PC) environment. [6 -11] To classify faults, traveling wave relaying is another technique, which is based on the magnetic field constituted by the electrical current. [4, 12] To accomplish fast and reliable protective actions using less data, adaptive systems [2,13 -16] and expert systems [14, 17, 18] based protection methods are proposed. Related to these improvements, intelligent protection methods [19 -22] are developed. The fuzzy logic based digital protective relay is one of these.
In this study, a digital protective relay has been designed and tested in a laboratory environment using a developed prototype power system model. The digital relay has been accomplished using fuzzy logic instead of conventional digital approaches. This design requires fewer voltage and current readings to detect faults in power systems. First, the voltage and current signals are converted to root mean square (rms) values; then, the type of fault is determined using fuzzy logic, which may be called an "intelligent system."
The relay proposed here is developed using conventional relay characteristics by adding some abilities to distinguish whether the fault is sub-transient, transient, or permanent, to determine whether the fault is one of the types known as phase-to-phase, phase-toneutral, double phase-to-neutral, or balanced three phase. The prototype experimental setup consists of three phases. This prototype system is developed as a radial system and tested for the proposed method. Performance analysis is made and obtained results are given using graphical illustration to show the validity of the proposed relay.
PROTOTYPE POWER SYSTEM MODEL
The studied system is a radial one, as shown in Fig. 1 . The system consists of three phases. Its series impedance and shunt admittance values for each phase are given in Fig. 2 .
The transmission line is modeled using a distributed RL equivalent circuit. The type of transmission line model is known as Lily. In Fig. 2 , A -B is the input point for power inlet, C -D is the output point for power outlet, and between A -B and X -Y there is an equivalent circuit for each phase. The number of equivalent circuits used is five, which describes 5 km transmission line length.
As shown in Fig. 3 , a data acquisition card (DAC) is used to constitute a connection between the prototype system and the computer. A sampling period is selected, such as 30 kHz. To eliminate system noise from both voltage and current samples, an anti-aliasing filter is used per phase.
An IBM PC is used for data acquisition. Its specifications are Pentium 166 MHz processor, 48 MB SDRAM, and 10 GB HDD. Relay software is written in the Borland Pascal environment; its flow scheme is illustrated in Fig. 4 .
For the pre-fault conditions, the following assumptions are considered.
1. The pre-fault conditions are normal steady-state. 2. The source impedances are omitted. 3. The amplitude of sampled current at the bus in which the signals enter is in the range from 20.05 to þ0.05 for normal conditions.
To prove validity of the proposed relay, 10 types of faults are considered. Moreover fault impedance and neutral impedance are omitted for all faulted cases. 
FAULT IDENTIFICATION USING FUZZY LOGIC
In this study, fuzzy set theory is used for fault identification purposes. Busbar voltages and line currents are measured from the prototype system; they are used to describe the state of the system. In this context, only the current values at the transmission line are used, for simplicity, and to reduce the data requirement. For the radial system studied here, 10 types of faults are to be classified by the fuzzy logic based protective relay (FLBPR).
As expressed in Eqs. 1-4, the rms values of the phase currents and their sums were utilized as inputs for the FLBPR. In order to distinguish the neutral based faults from the others, the sum of the rms values of the phase currents is used. 
Fault Indentification in Radial Power System Using Fuzzy Logic
As shown in Fig. 4 , the intelligent relay algorithm is based on fuzzy logic. The FLBPR has three steps as shown in Fig. 5 . These are as follows.
1. Fuzzification (converting crisp values into fuzzy values). 2. Inference mechanism (rule base and If-Then rules).
Defuzzification (converting fuzzy values into crisp values).
Trapezoidal membership functions are used for fuzzification of rms values of the phase currents and their sums. Graphical illustration of these membership functions and their ranges are shown in Fig. 6 .
Membership functions, which are drawn in Fig. 6(a) are used for fuzzification of all rms values of phase currents. The sums of the rms values of phase currents are also converted into fuzzy values using membership functions shown in Fig. 6(b) . This conversion process is the first step of the FLBPR.
As shown in Fig. 2 , the total impedance value of per length is 1.0742 þ 0.327 ¼ 1.4012V. A transformer that has a 220 : 24 conversion ratio is used to obtain power supply per phase. Similar to power supply, in order to transfer current values to the computer in a suitable form, a transformer which has 220 : 24 conversion ratio, is used. Current values are obtained from a resistance as shown in Fig. 7 . The reason for the use of this resistance is to obtain the value of the current which flows through the line, as a voltage value. As can be seen from Fig. 7(a) , it is obvious that, for a single phase -neutral fault, the value of the fault current, i, that flows through from live contact to neutral connection can be expressed as:
where V a is the power supply voltage, R i is resistance value used for current sampling, k is number of equivalent circuit, and Z L is the line impedance per kilometer length. If k is assumed to be equal to 1, then i rms can be found to be equal to 1.35 A; this is the maximum value for the membership function, which is labeled as CS (Closure to Zero). Similarly, if k is assumed to be equal to 5, then i rms can be found to be equal to 1.05 A; this is the minimum value for CS (Closure to Zero). The value of i rms is i/ p 2. For consideration of double line fault, as shown in Fig. 7(b) , maximum and minimum values are found as equal to 1.3 and 0.6 A, respectively. These values are used to define range of NS (Negative Small) labeled membership function. Mathematical expression of these calculations can be given as:
Current values, which are transferred to the computer, are measured values that are given in Eqs. (5) and (6) . Zero-crossing software is used to determine the period of the current. Using this software, the rms value of the current is calculated and then applied to FLBPR software. Definition of the ranges of other membership functions is similar to above-mentioned method and same consideration is given. Separation of the universe for I sum is based on Eq. (4). Ranges of the membership functions belong to I sum can be calculated using Eq. (4), simply. For instance, if I a rms and I b rms are equal to 1 A then, from Eq. (4) I sum will be equal to 2.05 A. This value describes the double line fault case between the A and B phases. 
Fault Indentification in Radial Power System Using Fuzzy Logic
Membership degrees of input values are determined with the assistance of the membership functions, as shown in Fig. 6 . These membership degrees are applied to the rule base that has 11 "If-Then" type rules. This mechanism is the inference mechanism, which is the second step of the FLBPR, given as follows. These two steps can be summarized as shown in Fig. 8 . As a third step, results obtained from overall rules are entered into the defuzzification process. To convert fuzzy values into crisp values a center of area (COA) method, proposed by Mamdani, is used. This method can be expressed as:
In terms of the different fault types, different outputs are obtained from the FLBPR. Using FLBPR, faulted phase or phases are also determined. To distinguish whether the fault is sub-transient, transient, or permanent, synchronous machine characteristics are used. [23] For this purpose, for sub-transient period and transient period, 2 and 30 periods are used, respectively. After 30 periods, characteristics of the fault are recognized as permanent.
RESULTS
To illustrate the above discussion, phase current curves and outputs of the FLBPR for different fault types are shown in Figs. 9-12. As can be seen from Fig. 9 , there is no change for current curves of other phases, except faulty phase, which is a single line to neutral fault. Output of the FLBPR is as in the defined rule base. For instance, the output of the FLBPR is increased from 1 to 1000 for a short-circuit instant between phase A and neutral. If there is no fault, the output of the FLBPR is equal to 1. Similarly, output of the FLBPR is equal to 2000 and 3000 for B phase to neutral, and C phase to neutral faults, respectively. Until the time reach to 30 periods, the operator is alerted with a warning sound. After the 30 periods, the relay contacts are energized and the power inlet of the system is closed.
The sum of the rms values of the phase current is used for distinguishing neutral based faults from others. As shown in Figs. 10 and 11, and defined in the rule base, the FLBPR has no dependency to the mathematical model. For this reason, distinguishing these faults is simple. Similar to single line to neutral fault, the output of the FLBPR is increased from 1 to 4000, 5000, 6000, 7000, 8000, and 9000 for A-B, B-C, A-C, A-B-Neutral, B-C-Neutral, and A-C-Neutral faults, respectively. For the case of a three-phase fault, the output of the FLBPR is equal to 25,000 as shown in Fig. 12 . Values of the FLBPR are selected arbitrarily and different outputs are observed for different faults.
Detection of fault type and faulty phases is a distinctive property for the proposed relay. In previous works related to distinguishing faulty phases and determination of fault type, the sampling rate is less than for the proposed relay. [21] To determine whether the fault is transient or permanent, more time is required than for the proposed Figure 11 . Double phase -neutral fault between A and B and intelligent relay output. relay. [20] One of the FLBPR applications is reported by Ferrero et al. [22] and eight rules are used. For the proposed relay, the number of rules is not sufficient to distinguish faulty phases and detection of single phase neutral and double phase faults. The duration of producing and sending of the control signal to the relay contact is about to 280 msec in the proposed relay. However, in previous works, this duration ranges from 2 to 40 msec. The proposed relay is applied to prototype power system protection, which is modeled from a real radial power system, and experiments are performed in real time. However, the presented results in the other proposed intelligent system based protective relays are obtained from simulation studies.
CONCLUSIONS
Fuzzy logic can be used to identify faults that may occur in a radial power system. Ten types of faults have been studied and considered for the proposed relay. The FLBPR model has no dependence on a mathematical model. A delay of 1 -2 cycles in detection of faults when using rms values is expected, due to the algorithm required for determining the rms value. This may not be critical in practice. However, the FLBPR can be accomplished in practice using a micro-controller or integrated circuits. For this reason, the FLBPR is useful for hardware architecture. In addition, the measurement of the distance of the faulted point from the busbar and the dynamic behavior may be added to this relay in the future.
